ABSTRACT Hybrid microgrids are the future of the power system as they bring the advantages of ac and dc networks under a common roof. As the power system continues to expand, hybrid microgrids will be connected together for increased reliability. One of the main concerns of such an arrangement is economical power sharing among multiple grids. This paper aims to address this issue by proposing a cost-based droop scheme for interlinking converters (ILCs). At the basic level, a novel voltage-frequency droop is presented which manages bidirectional power flow among the grids. Any change in ac grid frequency is translated into a dc bus voltage variation which allows active power flow from an underloaded to the overloaded grid. The conventional secondary control within the individual ac and dc grids is used to eliminate the inherent frequency and dc voltage deviations, restoring them to the nominal values. Economical power sharing among multiple grids is realized by embedding the incremental costs into the voltage-frequency droop and minimizing the total active power generation cost based on equal incremental cost principle. Different operational modes are discussed for interconnected grids, and simulations performed in power system computer-aided design (PSCAD) are used to confirm the validity of the scheme for each mode.
I. INTRODUCTION
The concept of distributed generation (DG) has facilitated the development of microgrids which can be regarded as small power systems designed to power local community [1] . It involves linking together similar sources to minimize power conversion losses and increase system reliability, efficiency, flexibility and redundancy [2] . Ac microgrids have been widely adopted due to their inherent capability of operating with the existing power system but dc microgrids continue to gain attention due to developments in semiconductor industry and widespread use of dc loads [3] . To utilize the advantages of both ac and dc systems, hybrid microgrids have been proposed where ac and dc grids are tied by ILC. The ILC is an important system component as it manages bidirectional power flow while regulating dc voltage and ac frequency.
The structure of a typical hybrid microgrid is shown in Figure. 
The individual ac and dc grids consist of various
The associate editor coordinating the review of this manuscript and approving it for publication was Tariq Masood. sources which can be linked by converters. A static transfer switch (STS) is used to connect the ac grid with the main utility [4] . If the switch is turned on, the hybrid microgrid operates in grid-connected mode where the main utility can supply or absorb surplus power. In case of any fault, the switch is turned off and the hybrid grid enters standalone mode where a balance between generation and demand has to be maintained [5] . As the power system continues to evolve, future hybrid microgrids will be connected together to form a meshed network. If at any particular instant an ac grid is overloaded, the neighboring dc grids can provide power support via ILC. Similarly, an overloaded dc grid will receive power from multiple ac grids. In such an interconnected system, the control of ILC gains more significance and it is important to manage the power flow in an economical fashion.
Due to the large number of energy sources and stringent performance requirements for economic microgrid operation, hierarchical control is widely deployed which consists of three levels: 1) primary control which shares power among the DGs [6] ; 2) secondary control which restores voltage and frequency to nominal values [7] ; 3) tertiary control which adjusts the operating point of primary and secondary controls to achieve optimal power sharing [8] . In standalone microgrids, economic dispatch is an optimization problem which aims to minimize total operational cost [9] . It can be solved by a centralized controller with different optimization algorithms such as genetic algorithm [10] , particle swarm optimization [11] , Lagrangian technique [12] , etc. This centralized topology is facilitated by high-bandwidth communication lines which minimize delay and achieve high accuracy. However, the system requires extensive computations and is infeasible for DGs separated over long distances [13] . Moreover, any fault in the centralized controller can compromise the entire microgrid. In [14] - [18] , consensus algorithm based distributed control schemes are proposed to achieve optimal generation control. The consensus variable is the incremental cost of each DG and the power command is based on communication with neighboring units. The power generation cost is minimized when all DGs have the same incremental cost. However, communication network is still vital for the accuracy of consensus algorithms and their implementation is quite complicated.
To eliminate communication lines and facilitate the plugand-play feature of DGs, droop control has been widely adopted in microgrids. The set-points of converters are based on local measurements and autonomous power sharing is achieved. Various non-cost droop schemes have been proposed for ILC in hybrid microgrids. A normalization scheme is discussed in [19] which brings ac frequency and dc voltage on a common per-unit scale to equalize relative changes in individual subgrids. An ω ac − P ac and (v dc ) 2 − P dc ILC droop is proposed in [20] which unifies the two subgrids and enables uniform power exchange among all DGs. An autonomous power control strategy is proposed in [21] where storage is integrated at dc link of the converter to support the power exchange between grids. However, the rapid charging and discharging reduces the battery life and increases system operational cost. A three-port hybrid microgrid topology is introduced in [22] which includes dc, ac and storage grids. In this control, three levels of operation are discussed: storage power sharing, global power sharing and local power sharing, which aim to minimize unnecessary power flow between grids and increase storage life. The concept of interconnected grids is discussed in [23] where a storage subgrid is used to maintain dc bus voltage via (v dc ) 2 − P dc droop. This topology employs a decentralized power management scheme based on common bus voltage, dc subgrid voltage and ac grid frequency. In all these droop schemes, the ratings of DGs determine the active power sharing and operational cost of hybrid microgrid is not considered. Economic operation is one of the main control objective of any power system and hence, the microgrid operational cost cannot be neglected.
Cost-based droop schemes for individual ac and dc grids have been analyzed in some literature. For instance, heuristic optimization technique is used in [24] to adjust droop gains for optimal resource allocation and cost savings. A decentralized power-frequency droop scheme for DGs is discussed in [25] where individual generation cost of units is used for load sharing. A non-linear droop control is discussed in [26] which uses cost function to trace variability of DGs. This strategy is extended in [27] to incorporate efficiency, generation costs and emission penalties. Compared to linear cost-based droop schemes, non-linear controls are complex and difficult to implement. Linear droop schemes have been proposed for ac grids where frequency synchronization at DGs ensures equal incremental costs for all units [28] . Similarly, linearized incremental cost-based droop schemes have been adopted for dc grids [29] . However, this approach is not suitable for economic operation of interconnected hybrid microgrids as power sharing among DGs is regulated in separate ac and dc sections. This implies that the cost-based droop scheme can be implemented at ILC level to coordinate power exchange and achieve global convergence of incremental cost at all subgrids.
To address these shortcomings, this paper proposes a cost-based ILC droop control for ILCs in interconnected hybrid microgrids. The primary control consists of voltage-frequency v dc − f ac droop which translates dc bus voltage variations into changes in ac bus frequency and vice versa. The droop coefficient is defined by the ratio of two scaling factors. The operational range of scaling factors is determined from the stability analysis of the hybrid grid. This primary control is significant as it allows grids with different power generation capacities to be accommodated into the hybrid grid. For instance, an ac grid with small capacity can have a large v dc − f ac droop so any change in dc voltage produces a small frequency variation and ac grid power doesn't undergo a drastic change. Following this, the equal incremental cost principle is embedded into the primary control so as to minimize the total power generation cost. Different operational modes of ILC are identified for an interconnected hybrid microgrid and it is shown that the proposed scheme is suitable for each mode and no switching among control modes is required. Moreover, the control strategy is completely autonomous and can be distinguished on the basis of its simplicity. A comparison of different ILC techniques is given in Table 1 . The effectiveness of this method is verified by simulations in PSCAD.
The rest of the paper is organized as follows: Section II presents the interconnected hybrid microgrid topology and converter modes. Section III discusses the proposed ILC control. Primary and secondary controls of individual grids are analyzed along with the cost-based scheme of converter. Section IV presents the time-domain simulation results in PSCAD. The main contributions and conclusion of the paper are presented in Section V.
II. INTERCONNECTED GRID TOPOLOGY AND ILC MODES
Hybrid microgrids may be linked together at their ac or dc sections to accommodate any number of individual grids. Such a typical interconnection is shown in Figure. 2 where four dc grids are connected to an ac grid through ILCs. Depending on the power flow among grids, different control modes of ILC can be identified which are analyzed via three cases. In the first case, all the dc grids are feeding power to ac grid. This situation is similar to four generators feeding a load and economic dispatch can be used to adjust the total power supplied by each generator to minimize the total power generation cost of the system. The cost of power generation in each grid is given as [30] :
where P i is power generation of grid i and α i , β i , γ i are fuel cost coefficients. This analogy can be extended to the current scenario and an economic ILC scheme can be adopted at each ILC linking dc grid to ac grid. In the second case, two dc grids are supplying power to ac grid which, in turn, provides power to the other two dc grids. The economic ILC control mode can be adopted for the dc grids supplying power to ac grid while the remaining two ILCs can adopt uneconomical power sharing mode which satisfies the total load with ac frequency and dc voltage regulation. Similarly, in the third case where the ac grid supplies power to all dc grids, uneconomical power sharing mode can be adopted as this situation is analogous to a single generator providing power to four loads. Thus, in interconnected hybrid grid topologies, the ILCs can employ two control modes. Economical control mode can be used when multiple grids are providing power to one or more grids while uneconomical power sharing mode with voltage and frequency regulation can be employed for grids receiving power from their neighbors. 
III. PROPOSED ILC CONTROL SCHEME
The ILC may be regarded as the heart of the hybrid microgrid in the sense that it has to manage bidirectional power flow between the two grids depending on the loading conditions. To achieve this functionality, ac grid frequency and dc grid voltage are used. In this paper, standalone hybrid microgrids are considered which are not linked to the main utility and the system dynamics are neglected. The ac and dc grids are operating on conventional frequency and voltage droops [31] :
where m p , m q and k p are droop coefficients and f ac nom , v ac nom and v dc nom are nominal frequency, ac voltage and dc voltage, respectively. To eliminate the steady state error and restore ac grid frequency and dc grid voltage to reference values, secondary control is used which processes the error deviations [32] :
where K sef , K sev and K sif , K siv are the proportional and integral gains of secondary PI controllers. The following sections discuss the ILC control scheme.
A. VOLTAGE-FREQUENCY DROOP CONTROL
The detailed structure of a single hybrid microgrid is shown in Figure. 3 where the ac grid operates on P ac − f ac and Q ac − v ac droop while P dc − v dc droop manages dc grid. The traditional six-switch converter topology is used along with LCL filter which minimizes harmonics and provides a stable output. The line impedance between the generator and ac bus is also considered. Similarly, small resistances are used to represent the voltage drop along transmission lines at the dc end of the microgrid. It should be noted that reactive power is not considered in the ILC scheme as it is absent in dc microgrid [3] - [5] . In this regard, voltage droop scheme within ac grid is used to regulate reactive power.
In the first step, the line currents and voltages at the LCL filter are converted from abc reference frame to dq0 frame using Clarke transformation. The PLL consists of a first order low pass filter where the phase is locked at v oq = 0. The output frequency is used in outer v dc − f ac droop controller where two scaling factors a 1 and a 2 are used to define the droop coefficient as:
It can be seen that the ratio of the scaling factors will determine the voltage-frequency droop of the converter. In other words, if there is a load change in ac grid and the frequency varies, the v dc − f ac droop coefficient can define the change in voltage of dc bus and the dc source can adjust its power accordingly. By setting a large value of v dc − f ac droop coefficient, any small load change in ac grid can produce a large dc bus voltage variation and the dc grid can increase its power generation considerably. This is particularly useful for weak ac grids which are dependent on external power support. Similarly, if the droop coefficient is small, any ac grid load variation will have a minimum impact on dc voltage and the ac grid will be mostly dependent on its own resources to satisfy the local requirements. In this case, weak dc grids can be supported by relatively stronger ac grids.
To develop further insight into the v dc
− f ac droop scheme, consider the situation shown in Figure. 4. The ac grid is represented by f ac − P ac droop with coefficient m p while the dc grid is based on v dc − P dc droop and coefficient k p . Suppose, at a given instant, the ac microgrid at frequency f ac 1 is producing P ac 1 while the dc microgrid generates P dc 1 at v dc 1 . At steady state, the ac grid is providing power to dc grid. If the load in ac grid is increased, the frequency will decrease to f ac 2 and the power generation rises to P ac 2 as determined by m p . From the ILC's v dc − f ac characteristic, the dc voltage will decrease from v dc 1 to v dc 2 . Correspondingly, the dc grid will raise its power supply from P dc 1 to P dc 2 which will help satisfy the increased ac grid demand. 
B. COST-BASED CONTROL SCHEME
After representing the hybrid microgrid by aggregated model where the droop characteristics of individual sources are combined together, optimal economic dispatch problem can be formulated which aims to minimize operation cost while maintaining the supply demand balance. At any particular instant, the individual subgrids (ac or dc) can be considered as a DG providing power to its local load (dc or ac grid) via ILC. This allows for an economic dispatch problem formulation where the objective function is to minimize the total system cost as:
which can be divided into economic dispatch of ac and dc grids [33] . The Lagrangian function for the ac section can be expressed as:
where λ 1 , λ 2 , u 1 , u 2 are Lagrange multipliers andP ILC and P ILC denote the power at ILC's dc and ac terminal, respectively. In this paper, the converter losses are neglected so that P ILC = P ILC . Applying the first order optimality conditions, we have:
From (12), it can be observed that the power flow at ac and dc ends of converter is same. If P ac,min i
The dc side of hybrid microgrid also follows a similar representation. Since power to ac side of hybrid grid is delivered from dc section, it follows from (18) that a unique optimal solution can be obtained if the incremental costs of ac and dc microgrids is same. This can be expressed as: (19) This is the equal incremental cost principle which minimizes the total active power generation cost in a hybrid microgrid. By combining (7) and (19), the cost-based ILC control scheme can be expressed as:
where v dc max and f ac max are the maximum allowable dc voltage and ac frequency, respectively. Compared to primary control scheme of (7) To further analyze this economical droop scheme, consider two ac microgrids providing power to one dc microgrid via two ILCs. The measured and reference dc voltage is same for the two ILCs as they are attached to the same dc bus. Thus, we have:
It can be observed that for equal incremental cost, the voltage-frequency droops should be equal. The secondary control within the two ac grids will regulate the frequency at reference value. If the upper allowable frequency limit for both grids is same, we have f ac 1,max − f ac 1 = f ac 2,max − f ac 2 . This will satisfy (19) and economically viable power transfer will occur. It should be noted that this scheme is valid for subgrids operating within their defined power generation limits.
C. SELECTION OF SCALING FACTORS
To determine an operational range of scaling factors, the stability of a hybrid microgrid is analyzed [34] . The small signal model of the system consists of 23 states and 2 inputs and is presented in Appendix. The steady state operating point with system parameters is given in Table 3 . The eigenvalue variation of dominant modes is shown in Figure. 5 when a 1 and a 2 are changed, i.e., a 1 varies from 0 to 10 and a 2 from 0 to 50.
As shown in Figure. 5, the eigenvalues are located at the left side of imaginary axis when the two scaling factors are small. This shows that the system is stable. However, when any parameter a 1 or a 2 increases, the poles move towards the positive real axis which affects the dynamic performance of the system. Particularly, when a 1 increases to 5.6 or a 2 to 30.2, the system becomes unstable. This defines the range of scaling factors as:
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IV. SIMULATION RESULTS
To verify the effectiveness of the proposed scheme, scaled down interconnected hybrid microgrids are simulated in PSCAD. In the first case, economical control (scenarios 1 and 2 of section II) is discussed in a multi-infeed topology where two ac grids are feeding a dc grid while the second case (scenario 3 of section II) analyzes the uneconomical scenario with two dc and one ac grid. Individual subgrids are modeled as 100kW DERs as given in [35] . For convenience, the ac grids in the first case are referred as 'grid A' and 'grid B' and the dc grids in second case are 'grid X' and 'grid Y'. Similar notation is adopted for ILCs. This is shown in Figure. 6 where the initial steady state operating conditions for the two cases are highlighted. The reference direction of ILC is positive in rectifier mode and negative in inverter mode. The fuel cost coefficients of subgrids and system parameters are given in Tables 2 and 3 . A. CASE 1
In the first case, the nominal frequencies of grid A and grid B are 50Hz and 60Hz, respectively. The frequency droop coefficient of each ac grid is 0.00025. These grids are connected to a 800V dc grid with voltage droop coefficient of 0.0005. The voltage-frequency droop for both ILCs is defined as 40.
In this regard, a 1 is 0.5 and a 2 is 20. The maximum allowable frequencies and voltage are set as 51Hz, 61Hz and 805V. The system is initially operating under primary control and dynamic behavior is analyzed with different load variations.
The results are shown in Figure. 7. At t = 2s, the load in grid A is increased by 21kW which reduces the grid frequency from 49.1Hz to 48.45Hz. Accordingly, the frequency droop of (2) defines the increase in power generation of this grid. The power flow through ILC A decreases which can be correlated with reduction of incremental cost from 0.216 to 0.168. The voltage-frequency droop of (20) sets the dc bus voltage as 788V which increases the local power production in this grid by 1.8kW. This is verified in simulation results. Similarly, the voltage-frequency droop of ILC B transforms the dc bus voltage variation into ac bus frequency change and the power generation in grid B increases by 0.74kW. This change is reflected in power flow through ILC B and hence, the incremental cost of grid B also rises.
An extra load of 12.4kW is attached to ac bus of grid B at t = 3s. The local frequency drops to 58.5Hz and the frequency droop of (2) manages the increase in power generation. Due to increased demand in grid B, the power flow via ILC B is reduced from 21.4kW to 18.9kW and the incremental cost is also decreased. Plugging the incremental cost and frequency in (20) gives the new dc bus voltage as 787V which is also supported by Figure. 7. The voltage droop of dc grid increases its power generation by 1.6kW. Likewise, the voltage-frequency droop of ILC A defines the grid A frequency as 48.43Hz and the power in this grid rises by 0.539kW which is reflected by an increase in ILC B power flow. Correspondingly, the incremental cost of grid B is reduced. It can also be observed from the simulation results that the difference between the incremental costs becomes extremely small but there is no convergence. At t = 4s, the load in dc grid is reduced by 36.45kW which increases the dc bus voltage by 10.49V. The voltage droop of this grid decreases the power generation by 21kW. Due to the reduced power demand, the ILCs should reduce the power transferred to dc grid. The voltage-frequency droops of ILC A and ILC B define the frequencies of grid A and grid B as 48.7Hz and 58.87Hz, respectively. The frequency droop of these grids adjusts the power to maintain supply demand balance. The incremental costs of both grids also reduce.
The secondary control within individual subgrids is activated at t = 5s. The frequencies of grid A and grid B approach 50Hz and 60Hz while the dc bus voltage rises to 800V. The incremental costs of both grids become equal which satisfies the equal incremental cost principle. The variation of total system cost is shown in Figure. 8. When the load is increased at t = 2s and t = 3s, the total cost increases. Similarly, the cost decreases to a large extent when a significant load is switched off in dc grid at t = 4s. For t > 4s, the total load in the system is constant. It can be observed that at t = 5s, the total system cost reduces from 26.5 $/h to 22.5 $/h which verifies the economical power sharing. 
B. CASE 2
In the second case, the effectiveness of the cost-based ILC scheme is analyzed under an uneconomical scenario; i.e, the power flow is from dc grid Y to ac grid to dc grid X. The nominal voltages of grid X and grid Y are 800V and 700V while the voltage droop coefficients are 0.002 and 0.0005, respectively. The maximum allowable voltages of the two grids are 805V and 705V. The frequency droop coefficient of ac grid is 0.0003 and it is operating at 50Hz. The voltage-frequency droops of both ILCs are the same as in case 1. The system is subject to sequential load changes as: 1) At t = 2s, the load in ac grid is increased by 8.8kW.
2) An additional load of 7.8kW is attached to dc bus in grid X at t = 3s. 3) At t = 4s, the local load in grid Y increases by 3kW. 4) The secondary control in individual subgrids is switched on at t = 5s. Due to the increase in ac load at t = 2s, the frequency drops to 49.95Hz and the local power generation in this grid rises by 1.26kW. The voltage-frequency droops of ILC X and ILC Y produce 758V and 659V at grid X and grid Y and the power generation in these grids is adjusted according to (4) . This is shown in Figure. 9. The power supplied by grid Y rises by 7.5kW while the power supplied to grid X via ILC X drops by 1.2kW. The incremental costs also follow a similar trend.
Similar analyses are performed when loads in grid X and grid Y are increased at t = 3s and t = 4s. The simulation results highlight the power sharing among subgrids according to the voltage-droop characteristic of ILCs. It can be seen that both dc voltage and ac frequency are regulated and the system successfully manages autonomous power flow. The secondary control restores the voltage and frequency to nominal values but there is no convergence between incremental costs of dc grids. This is in accordance with the given scenario. These results show that the proposed scheme is also effective in uneconomical mode of ILC.
V. CONCLUSION AND FUTURE WORK
This paper presents a cost-based droop scheme for ILCs in an interconnected hybrid microgrid. The primary control consists of voltage-frequency droop which converts dc bus voltage variation into ac bus frequency change and vice versa, so as to establish a bidirectional power flow from an underloaded to overloaded grid. The secondary control of individual subgrids is employed to remove frequency and voltage deviations. At the upper level, the incremental cost principle is incorporated into the droop scheme so as to minimize power sharing cost. Based on power exchange among grids, different modes of converter operation are identified and the effectiveness of the proposed scheme is studied in each mode. The simulation results lead to some important conclusions:
1) The power sharing among multiple hybrid grids can be realized by v dc − f ac droop where droop coefficient is defined by the ratio of two scaling factors. This coefficient correctly defines the dc bus variation due to ac bus frequency change and vice versa.
2) The cost-based droop control can reduce the total power generation cost in multi-infeed interconnected hybrid microgrids. In this regard, the secondary control within individual ac and dc grids is important in convergence of incremental costs and elimination of steady state errors.
3) The scheme is equally valid in non-economical operational mode as it manages autonomous power flow and maintains ac bus frequency and dc bus voltage. For future work, the proposed scheme can incorporate generation costs of renewable energy sources. In addition, any fault in DG unit in either ac or dc microgrid will vary the total generation cost and this scenario requires further study. System variations with DGs operating at upper or lower limit, along with experimental verification should be the focal point for future research so as to increase the reliability and efficiency of this method.
APPENDIX A
The small signal model of hybrid microgrid is discussed in this section. The steady state operating point is obtained from simulation and is given in Table 3 . 
6) Reference frame transformation The ac grid serves as the global reference frame and the converter variables are transformed as: 
